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Transcriptional repressor FL11 from the hyper-
thermophilic archaeon, Pyrococcus OT3, was
crystallized in its dimer form in complex with
a DNA duplex, TGAAAWWWTTTCA. Chemical
contacting of FL11 to the terminal 5 bps, and
DNAbendingbypropeller twistingatWWWcon-
firmed specificity of the interaction. Dimer-bind-
ing sites were identified in promoters of 200
transcription units coding, for example, H+-
ATPase and NAD(P)H dehydrogenase. In the
presence of lysine, four FL11dimerswere shown
to assemble into an octamer, thereby covering
the fl11 promoter. In the ‘‘feast’’ mode, when
P.OT3 grows on amino acids, the FL11 octamer
will terminate transcription of fl11, as was shown
in vitro, thereby derepressing transcription of
many metabolic genes. In the ‘‘famine’’ mode in
the absence of lysine, 6000 FL11 dimers pres-
ent per cell will arrest growth. This regulation
resembles global regulation by Escherichia coli
leucine-responsive regulatory protein, and hints
at a prototype of transcription regulations now
highly diverged.
INTRODUCTION
Although our knowledge of transcription regulation inside
archaea is still limited, it is known that the largest family of
archaeal transcription factors is composed of paralogs of
the Escherichia coli leucine-responsive regulatory protein
(Lrp) (Koike et al., 2003; Suzuki, 2003b; Yokoyama et al.,
2006b). Sensing rich nutrition by a high concentration of
leucine (Chen and Calvo, 2002), E. coli shifts its metabo-
lism from the ‘‘famine’’ to the ‘‘feast’’ mode, thereby regu-
lating 40–70 transcription units (Calvo and Matthews,
1994; Newman and Lin, 1995), using 3000 Lrp dimers1542 Structure 15, 1542–1554, December 2007 ª2007 Elseviepresent per cell (Willins et al., 1991). In order to summarize
this global regulation, Calvo and Matthews (1994) intro-
duced the term ‘‘feast/famine regulation.’’ For this reason,
archaeal and eubacterial homologs of Lrp are referred to
as the feast/famine regulatory proteins (FFRPs).
Structural units of FFRPs are dimers. In many crystal
structures (Figure 1B), octamers were formed by four
dimers each. None of these crystal structures was in com-
plex with DNA. Although a DNA duplex was included when
crystallizing Lrp, the DNA was disordered and not traced
(de los Rios and Perona, 2007).
An FFRP having Asp104 and Thr/Ser at one of positions
133–135 interacts with an amino acid by contacting its N
and C termini, respectively, with the Asp from one dimer
and the Thr/Ser from another dimer (Okamura et al.,
2007); here, the numbering scheme shown in Figure 1A
is used. The partner amino acid having a particular side
chain is selected by interaction with residues 80, 98,
100, 121, 122, 125, and 139 (Okamura et al., 2007). Con-
sequently, three FFRPs that interact with lysine, LysM
(Brinkman et al., 2002), FL11 (pot0434017), and TvFL3
(tvg1179749), all have Glu98 and Asp122 (Figure 1A)
(see http://riodb.ibase.aist.go.jp/archaic/index.html for
‘‘pot’’ and ‘‘tvg’’ codes for identifying proteins and genes).
The difference in the effects of interaction, increasing or
decreasing the association state of FFRP, depends on
the ligand side-chain conformation imposed between
dimers (Okamura et al., 2007). In the presence of lysine,
FL11 forms octamers and TvFL3 tetramers (Okamura
et al., 2007), while LysM appears to disassemble to
dimers, since its interaction with DNA becomes weaker
(Brinkman et al., 2002). Before this work, lysine-induced
changes of these FFRPs were not characterized using
a structural biological method.
The hyperthermophilic archaeon, Pyrococcus sp. OT3
(Japan Collection of Microorganism, ID 9974), grows on
amino acids at a hydrothermal vent, where polypeptides
from debris of marine organisms fall from the sea above
(Gonza´lez et al., 1998). Many of its 14 FFRPs interact
with amino acids (Okamura et al., 2007) (e.g., FL4
[pot1613368] with glutamic acid, DM2 [pot0300646], andr Ltd All rights reserved
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Archaeal Feast/Famine Regulation by FL11Figure 1. Formation of Secondary Structures in FFRPs
(A) Amino acid sequences of FFRPs. Secondary structural elements were identified using crystal structures listed in (B). NMB, TTH and PF indicate
NMB0572, TTH0845 and PF0864, respectively, in (B). Pa,Pseudomonas aeruginosa; Tv, Thermoplasma volcanium. Residues at positions where FL11
contacts DNA bases are colored red. Basic residues found at positions 25, 39, and 41, where, in FL11, the side chains bind DNA phosphates, and
Asp6 and Asp9, which in FL11 fix the orientation of Arg41, are underlined. Residues forming the Ser/Thr-Pro-Ser/Thr-Pro phase at positions 34–37 are
shown on yellow backgrounds. Positions where in TvFL3 Ser/Thr residues are phosphorylated (Phos) are indicated with the symbol #. Ser/Thr res-
idues of FFRPs found at these positions are shown on light-blue backgrounds except for those in the first positions in the Ser/Thr-Pro-Ser/Thr-Pro
phase. Asp104 and Thr/Ser at 133–135 interacting with ligand amino acid main chains in DM1 and NMB0572, and predicted to do so in other FFRPs,
are colored green on pink backgrounds. Residues at positions 80, 98, 100, 121, 122, and 139 interacting with ligand side chains, or predicted to do so,
are colored blue. Glu98 and Asp122 of FL11, TvFL3, and LysM, predicted to form ionic interactions with the lysine side chain, are shown on light-green
backgrounds. Numbers of positions forming hydrophobic phases in a helices are highlighted in bold. (B) FFRPs crystallized. ‘‘Type’’ specifies full
length (FL) having a DBD or demi (DM) having no DBD, and ‘‘A/E’’ archaeal (A) or eubacterial (E).FL9 [pot0301583] with glutamine, and DM3 [pot0175330],
DM1 [pot1216151], and FL5 [pot1664679] with isoleu-
cine), most likely in order to regulate amino acid catabo-
lism.Structure 15, 1542–15In this paper, we report the structure of the FL11 dimer
crystallized in complex with its target DNA, TGAAA
WWWTTTCA, where W is T or A. The nucleotide se-
quence was identified by footprinting experiments using54, December 2007 ª2007 Elsevier Ltd All rights reserved 1543
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Archaeal Feast/Famine Regulation by FL11Figure 2. Interaction of the FL11 Dimer and DNA in the Crystal Complex
(A) A ribbon diagram of the crystal complex. The DNA strand 50-TG[T1G2A3A4A5]A6A7T8[T9T10T11C12A13]CT-30 proceeds from left to right. The N
termini of the two polypeptides are labeled. To T1G2A3A4A5/T5T4T3C2A1 and T9T10T11C12A13/T13G12A11A10A9 (crimson), a pair of Ala34-
Thr37 (green) in FL11 form chemical contacts. The side chains of a pair of Arg25, His39, and Arg41 (black) form ionic interactions with DNA phos-
phates. Structures are represented using the Pymol program (DeLano and Lam, 2005).
(B) The FL11 dimer in the DNA complex (yellow) compared with that (green) crystallized with no DNA (PDB code, 1RI7) by best overlapping Ca atoms
of Met67-Ile151 to an rmsd of 0.34 A˚. The DNA in the crystal (cyan) is compared with a standard B-DNA (crimson) modeled with a server (Vlahovicek
et al., 2003) by best overlaying the central three base pairs. Narrowing of the minor (m) groove and widening of the major (M) groove at the center of the
crystallized DNA are indicated by arrows.
(C) Phosphate-phosphate distances over the major (M) and minor (m) grooves (upper), and propeller twists of base pairs (lower), measured using the
3DNA program (Lu and Olson, 2003). The major groove width of 16.6 A˚ and the minor groove width of 12.1 A˚ of the standard DNA (B) are indicated
(upper).
(D) A view looking down the DNA double helix. The main chain of FL11 is colored green at Ala34-Thr37.
(E and F) Views looking into the DNA major groove from Ala34-Thr37, showing a helices 2 and 3 (F). (E) Yellow arrows indicate hydrogen bonds from
donors to acceptors. Red broken lines indicate hydrophobic interactions. Water molecules 1 and 2 form hydrogen bonds to and from Glu35. (F) T
methyl groups forming hydrophobic interactions with Leu24 or His39 are circled in red. Green broken lines indicate ionic interactions.1544 Structure 15, 1542–1554, December 2007 ª2007 Elsevier Ltd All rights reserved
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Archaeal Feast/Famine Regulation by FL11the fl11 promoter (Yokoyama et al., 2005a). To the best of
our knowledge, this is the first 3D structure of an archaeal
transcription factor of any category in complex with DNA.
With conventional methods of molecular genetics inappli-
cable, archaea remain at a frontier, where the validity of
new approaches in structural or genome biology can be
tested. Starting with the crystal structure, and by combin-
ing various approaches, another feast/famine regulation in
the domain archaea is now clarified.
RESULTS
Chemical Contacts of FL11 to TGAAA/TTTCA
The crystal structure of the complex of the FL11 dimer and
a DNA, 50-TG[T1G2A3A4A5]A6A7T8[T9T10T11C12A13]
CT-30/50-AG[T13G12A11A10A9]A8T7T6[T5T4T3C2A1]C
A-30, was determined (Figure 2A) at a resolution of 2.1 A˚
with an R factor of 20.6% and a free R factor of 23.0%
(Table 1). The C-terminal halves of the two monomers as-
sembled into a single domain. A pair of N-terminal DNA-
binding domains (DBDs) each contacted 5 bp stretches,
TGAAA/TTTCA (Figure 2A, crimson), related by pseudo-
two-fold symmetry.
In each DBD, Ala34-Thr37 formed a loop between a
helices 2 and 3 (Figures 2A and 2D, green), and were po-
sitioned closely to DNA bases in the major groove to form
chemical contacts (Figures 2E–2G). Orientation of the
side-chain OH of Ser36 was fixed by a hydrogen bond
from the main-chain NH of Thr37 to donate a bifurcated
hydrogen bond to O6 and N7 of G2 (Figure 2H). Formation
of similar bifurcated bonds to G bases from hydrogen
bond donors have been observed with other crystal com-
plexes (Suzuki, 1994). Glu35 accepted hydrogen bonds
from two water molecules (1 and 2 in Figures 2E and
2G), which accepted hydrogen bonds from A3 and A4,
and donated others to T4 and T5. Hydrophobic interac-
tions were made between the methyl group of T1 and
those of Ala34 and Thr37, and between those of T3, T4,
and Ser36 Cb (Figures 2E and 2G). From outside the
loop, the side chains of Leu24 in a-helix 2 and His39
in a-helix 3 completed hydrophobic interactions with
T3–T5 (Figures 2F and 2G). These hydrophobic interac-
tions will be stabilized more at the high salt concentrations
inside Pyrococcus (Scholz et al., 1992).
Orientation of the Arg41 side chain in a-helix 3 was fixed
by ionic interactions with the Asp6 and Asp9 side chains to
contact a phosphate group in a DNA strand (Figure 2I),
while the side chains of His39 in a-helix 3 and Arg25 in
a-helix 2 contacted phosphate groups in the other strand
(Figure 2F). Hydrogen bonds were made to DNA phos-
phates from the side-chain OH of Thr37 and the main-Structure 15, 1542–155chain NH groups of Ala34 and Leu24 (Figures 2E and
2F). These interactions fixed the binding geometry of
DBDs in the two halves of the complex.
Propeller Twist at WWW to Bend the DNA
The two DBDs in the DNA complex (Figure 2B, yellow) are
distanced more than the DBDs in FL11 crystallized with
no DNA (Figure 2B, green) on the side of the DNA, and
rotated counterclockwise, when viewed from the DNA.
This opening was still not enough to keep the DNA
straight, and the DNA was bent around the FL11 dimer
(Figure 2B). The degree of bending was measured as
55 by defining local helix axes at the two ends using three
bps each.
Table 1. Structural Parameters
Parameter Value
Resolution range (A˚) 55–2.1 (2.21–2.1)a
Unique reflections 20,388 (2,956)a
Space group I212121
Cell parameter (A˚) a = 68.41, b = 92.25,
c = 109.19
Completeness (%) 99.3 (100)a
Average I/s(I) 5.6 (1.6)a
Multiplicity 6.0 (6.2)a
Rmerge 0.079 (0.456)
a
Rcrsyt 0.206
Rfree 0.230
Rmsd from ideality
Bond length (A˚) 0.0048
Bond angle () 1.13
Dihedral angle () 21.0
Deviation from planarity () 0.99
Ramachandran plot
Most favored (%) 96.2
Allowed (%) 3.6
Average B-factor
protein 45.8
DNA 50.8
solvent 57.0
a Values in parentheses calculated for the last shell.(G) A schematic representation of chemical contacts made to DNA from FL11. Black and white circles in DNA bases indicate hydrogen bond donors
and acceptors, respectively. Gray circles indicate the methyl groups of T bases. Green lines indicate ionic interactions, and red lines hydrophobic
contacts. Arrows indicate hydrogen bonds from donors to acceptors.
(H) The Ser36 side chain, whose geometry is fixed by a hydrogen bond from the main-chain NH of Thr37, donates a bifurcated hydrogen bond to
N7 and O6 of guanine at basepair 2.
(I) The Arg41 side chain is in ionic interactions with the Asp6 and Asp9 side chains to contact a DNA phosphate group. Ionic interactions are indicated
by green lines.4, December 2007 ª2007 Elsevier Ltd All rights reserved 1545
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Archaeal Feast/Famine Regulation by FL11Figure 3. DNA Binding by FL11 Dimer and Octamer
(A and B) Each DNA duplex, 25 pmol, mixed with the FL11 dimer at a molar ratio of 1:2 in 2.5 mM Na-phosphate buffer (pH 8.0), 10 ml, containing
15 mM NaCl, was subjected to electrophoresis with a 20% polyacrylamide gel equilibrated with 89 mM Tris-borate buffer (pH 8.3) containing 2 mM
EDTA, and stained with ethidium bromide. DNA duplexes used were: CCTGAAATTTTTTCACC/GGTGAAAAAATTTCAGG (A, lane 0), CCA
GAAATTTTTTCTCC/GGAGAAAAAATTTCTGG (A, lane 1), CCTCAAATTTTTTGACC/GGTCAAAAAATTTGAGG (A, lane 2), CCTGTAATTTTTA
CACC/GGTGTAAAAATTACAGG (A, lane 3), CCTGATATTTTATCACC/GGTGATAAAATATCAGG (A, lane 4), CCTGAATTTTATTCACC/GGTGA
ATAAAATTCAGG (A, lane 5), CCTGAAAATTTTTCACC/GGTGAAAAATTTTCAGG (B, lane 1), CCTGAAATTTTTTCACC/GGTGAAAAAATTTCAGG
(B, lane 2), CCTGAAATATTTTCACC/GGTGAAAATATTTCAGG (B, lane 3), CCTGAAATTATTTCACC/GGTGAAATAATTTCAGG (B, lane 4), and
CCTGAAACCCTTTCACC/GGTGAAAGGGTTTCAGG (B, lane 5). M, markers of, for example, 200 bps.
(C and D) Number of base pairs matching TGAAAWWWTTTCA plotted at the seventh base pair of each 13 bps in fl11 (C) and lysine synthesis (D)
promoters. For peaks identified as bound by FL11 in the absence of lysine, the corresponding 13 bps are indicated by bars. TATA boxes are indicated
by red bars. Blocks protected by FL11 in the presence of lysine along the coding (Cd) and complementary (Cm) strands are indicated by long
bars at the top. An empirical threshold score of 9 is indicated by red lines. (C) The position of T in the GTG start codon is indicated by a green line.
(E) MWs of FL11 assemblies formed in the presence of lysine, arginine, glutamine, or ornithine, determined using MALS. The MW of the FL11 dimer is
38.1 kDa.
(F) Footprints of FL11 generated on promoters. Dimer-binding (white) and octamer-binding (red) sites of FL11 are indicated by bars. Hypersusceptible
sites are indicated by blue bars. When present, the lysine concentration was 5 mM, and the FL11 dimer concentration was 120, 160, or 1200 pmol/
200 ml.The DNA minor groove facing FL11 at the center was
compressed, and the major groove on the opposite side
was widened (Figures 2B and 2C, upper). Having two
hydrogen bonds only, A:T base pairs around the center
produced propeller twists of over 15 (Figure 2C, lower).
With these twists, in order to keep c angles connecting the1546 Structure 15, 1542–1554, December 2007 ª2007 Elsevierbases to the sugar phosphate backbones to appropriate
values, the DNA backbones slid relative to each other,
thereby bending the DNA (Figure 2B). Although none of
the three central A:T base pairs directly interacted with
FL11, replacing the A:T by G:C severely weakened the
interaction (Figure 3B, lane 5). While any combination ofLtd All rights reserved
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Archaeal Feast/Famine Regulation by FL11W bases was tolerated at the center (Figure 3B), changing
any complementary bases between TGAAA and TTTCA
(e.g., to TCAAAWWWTTTGA) (Figure 3A, lane 2) weak-
ened the interaction.
Consensus binding sequences of E. coli Lrp (Cui et al.,
1995) and various other FFRPs (Suzuki, 2003a; Yokoyama
et al., 2006b) are summarized in the form NANBNCNDNE
WWWNENDNCNBNA, where, for example, NA is a base
complementary to NA. This form is now explained by the
observations.
A Large Number of Metabolic Promoters
Regulated by FL11
By considering the genomic sequence of P. OT3 (Kawara-
bayasi et al., 1998), by identifying transcriptional and trans-
lational signals, and by analyzing combinations of bases in
open reading frames, a set of 1025 transcription units was
identified (Amano et al., 2003; see also Kawashima et al.,
2000, where similar identification was described for Ther-
moplasma volcanium). Of these 217 units (i.e., 21%), sites
with 0–3 mismatches on TGAAAWWWTTTCA were iden-
tified between TATA boxes and the 200th bases of the first
open reading frames.
By generating footprints of FL11 on several promoters
sites having zero to three mismatches (Figure 3F, lanes 2,
6, 10, and 14; white bars), and one site having four
mismatches (Figure 3F lane 6, center of the three) were
confirmed as being bound by FL11. Here used were pro-
moters of the fl11 (pot0434017) gene; an operon coding
H+-ATPase subunits I (pot0067806), K (pot0068299);
another operon coding NAD(P)H dehydrogenase, subunits
B (pot0491275), C (pot0491796), D (pot0492982), H (pot04
90686), I (pot0493599), K (pot0486419), M (pot0489753), N
(pot0487903); and another operon coding enzymes syn-
thesizing lysine, LysJ (pot0280384), K (pot0281336), Y (pot
0278532), Z (pot0279278), LeuA (pot0273854), B (pot02
76506), C (pot0274993), D (pot0275481).
The largest population of the 217 units was identified as
being involved in ATP synthesis (Figure 4E). It has been
proposed (Sapra et al., 2003; Adams et al., 2001) that,
upon degrading amino acids to carboxylic acids insidePy-
rococcus, ferredoxin and NAD(P)H are reduced, thereby
activating NAD(P)H dehydrogenase in order to transport
protons outwards (Figure 4D). Here, the entire process
seems to be regulated by FL11 (Figure 4D, red arrows).
The second largest population of the 217 units is involved
in trans-membrane transport, followed by those involved in
translation and DNA synthesis (Figure 4E). Some other reg-
ulated genes (e.g., aspartate oxidase [pot0038011] and
malate dehydrogenase [pot0641175]), are used for synthe-
sizing biochemical components through the TCA cycle
upon amino acid catabolism (Figure 4D).
As expected from the large number of transcription
units regulated by FL11, when determined with anti-
FL11 polyclonal antibodies (Figure 4B), a small number
of FL11 dimers present at the midgrowth phase increased
by over 10-fold to 6000 per cell at the stationary phase
(Figure 4A). This change closely resembles anotherStructure 15, 1542–155growth-dependent change in the number of Lrp dimers
present per E. coli cell (Landgraf et al., 1996).
Terminating Transcription of fl11 Gene
in the Presence of Lysine
In vitro transcription from promoters of nad(p)h dehydro-
genase and h+-atpase by partially purified RNA polymer-
ase was repressed in the presence of FL11 (Figures 5C,
5D, 5G, and 5H). That from fl11 and lysine synthesis pro-
moters was less affected by FL11 when lysine was absent,
but it was terminated in the presence of lysine and FL11
(Figures 5A, 5B, 5E, and 5F). For transcription from fl11
and lysine synthesis promoters, at any concentration of
FL11, the difference between intensities in the presence
and absence of lysine was30% or more of that observed
in the absence of FL11. For transcription from nad(p)h
dehydrogenase and h+-atpase promoters, the difference
was 20% or less. Although, in general, FL11 functions
as a transcriptional repressor, regulatory mechanisms
appear to be different between the promoters, with fl11
and lysine synthesis in one group, and nad(p)h dehydroge-
nase and h+-atpase in another.
In the absence of lysine, two to three dimer-binding sites
were identified in fl11 and lysine synthesis promoters by
generating footprints (Figure 3F, lanes 2 and 6). In the
fl11 promoter, a site having one mismatch on the ideal se-
quence is positioned immediately downstream of the TATA
box, followed by another site having two mismatches posi-
tioned60 bps downstream inside the open reading frame
(Figure 3C). In the lysine synthesis promoter (Figure 3D),
between the two best sites separated by 60 bps, a third
binding site was identified. In contrast, isolated binding
sites were identified in nad(p)h dehydrogenase and h+-
atpase promoters (Figure 3F, lanes 10 and 14) by overlap-
ping onto TATA boxes. Approximately 80 bps upstream of
the binding site in the nad(p)h dehydrogenase promoter,
another binding site was identified (Figure 3F, lane 10)
inside the promoter of a different operon coded in the
opposite direction.
In the presence of 5 mM lysine, even when the FL11 con-
centration was decreased by 10-fold, footprints were
recorded on fl11 and lysine synthesis promoters by form-
ing blocks of 110 bps, thereby filling the gaps between
the dimer-binding sites and extending in the upstream
direction (Figure 3F, red bars between lanes 3 and 4, and
between lanes 7 and 8). The boundaries of the blocks
were highlighted by the sites where the susceptibility to
cleavage was enhanced (Figure 3F, blue bars), while, in
the same condition in the presence of lysine, footprints
were not clearly identified in nad(p)h dehydrogenase or
h+-atpase promoter (Figure 3F, lanes 11, 12, 15, 16).
FL11 Octamer Formed in the Presence of Lysine
When examined by measuring multiangle light scattering
(MALS), upon increasing the lysine concentration, the ap-
parent MW of FL11 increased from 40 kDa to 160 kDa,
reflecting assembly of dimers to octamers (Figure 3E). In
the presence of 5 mM lysine, when FL11 was mixed with4, December 2007 ª2007 Elsevier Ltd All rights reserved 1547
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Archaeal Feast/Famine Regulation by FL11Figure 4. Feast/Famine Regulation by FL11
(A) The number of FL11 dimers present per P. OT3 cell, shown with the number of cells present per ml when culturing.
(B) After SDS polyacrylamide gel electrophoresis, 37.5% of FL11 precipitated with antibodies from extracts of 53 108 cells were stained with silver.
Using a standard curve made using FL11 dimers, 1.5 3 1012 (lane 1), 1.2 3 1012 (lane 2), 0.9 3 1012 (lane 3), 0.6 3 1012 (lane 4) and 0.3 3 1012
(not shown), the number of FL11 dimers after culturing for, for example, 4 (lane 5), 8 (lane 6), 10 (lane 7), 12 (lane 8), 14 (lane 9), 24 (lane 10), or
32hrs (lane 11), was determined. The line formed by bands of FL11 is indicated by a pair of red arrows. M, molecular weight markers, 10,000–100,000.
(C) Two metabolic modes of P. OT3 schematically represented. Red circles indicate FL11 dimers binding to DNA, and black circles those unbound
(right). An assembly of four red circles (left) indicates an FL11 octamer. Transcription is repressed (crosses), half-activated (triangle), or fully activated
(arrows).
(D) Pathways of amino acid catabolism and ATP synthesis identified as regulated by FL11 (red arrows). Pathways not regulated by FL11 are indicated
by blue arrows. Fdox and Fdred are the oxidized and reduced forms of ferredoxin, respectively.
(E) Classification of 217 promoters having FL11-binding sites.a 150 bp DNA that covered the 110 bp block in the fl11
promoter, and negatively stained, particles of diameters of
160 A˚ were observed by electron microscopy (Figures
6A–6C). Such particles were not observed in the absence
of lysine. Similar particles were also observed when lysine
synthesis promoter DNA was used instead of the fl111548 Structure 15, 1542–1554, December 2007 ª2007 Elseviepromoter DNA in the presence of lysine, but were not
observed in the absence of lysine.
Characteristics of the FL11-fl11 DNA particles (i.e.,
spokes protruding outward from internal rings formed
around the central cavities) can be explained by an
octamer modeled by assembling four copies of ther Ltd All rights reserved
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Archaeal Feast/Famine Regulation by FL11Figure 5. In Vitro Transcription from
Promoters
After in vitro transcription, mRNA was ampli-
fied by RT-PCR, and the synthesized DNAs
were subjected to gel electrophoresis. When
present, the lysine concentration was 5 mM
and that of the FL11 dimer was 15, 50, 150,
or 500 pmol/20 ml. Gels were stained with
ethidium bromide and analyzed with an imager
(BioRad, Pharos FX). Presented are one of two
independent results obtained with fl11 (A),
lysine synthesis (B), nad(p)h dehydrogenase
(C), or h+-atpase subunits I, K (D) promoter,
and averages of relative intensities of bands
measured in the two experiments (E–H).FL11-DNA crystal complex with four-fold symmetry
(Figure 6K). This assembly mode is essentially the same
as those of FFRP octamers formed in crystals. Two specific
dimer-binding sites are only present in the 110 bp block
of the fl11 promoter, and so, two other dimers in the oc-
tamer will interact with the DNA in less specific ways.
Through the use of topoisomerase I, the DNA superhelical
turn formed around the FL11 octamer was identified as be-
ing right handed (S.A.I. et al., unpublished data).
In order to obtain 3D information by electron micros-
copy, a set of images projected with different orientations
is needed. Although no such set has been obtained with
FL11-fl11 DNA, very similar particles (Figures 6D–6F)
were recorded in tilt series by using another FL11 fraction,
where E. coli DNA was contaminating. An average of four
3D reconstructions is shown in Figure 6J. Not only the
DNA, but also the partner ligand, lysine, might have con-
taminated the FL11 fraction; contamination of partner
ligands has been observed for other FFRPs (Okamura
et al., 2007). When the His tag added to the N terminus
of FL11 in the same fraction was labeled with Ni and em-
bedded in amorphous ice, electrons having lost energies
by interaction with the metals showed arc-like distribu-
tions (Figures 6G–6I), which are interpretable as projec-
tions of tilted circles with diameters of 100–150 A˚.
With all these observations, we believe that the molec-
ular basis of regulating the fl11 and lysine synthesis
promoters in response to lysine, as distinct from other,
simpler promoters, has been clarified.Structure 15, 1542–155DISCUSSION
Feast/Famine Regulation by FL11
In order to confirm a full set of promoters regulated
by FL11, more systematic experiments are needed,
such as genomic SELEX experiments or binding studies
that use a complete set of synthesized promoter DNAs.
Yet, we believe that on the basis of various observations
described in this paper, it is appropriate to summarize
the regulation by FL11 as an instance of ‘‘feast or
famine.’’
When sensing rich nutrition as a high concentration of
lysine, FL11 forms an octamer (Figure 6), thereby terminat-
ing transcription of the fl11 gene and lysine biosynthesis
(Figure 3F, lanes 4 and 8). With the FL11 concentration
decreasing, transcription of other genes is derepressed
(Figure 3F, lanes 12 and 16), thereby activating amino
acid catabolism and also ATP synthesis to shift the metab-
olism into the ‘‘feast’’ mode (Figure 4C, left). When the
number of FL11 octamers is small, promoters will com-
pete with each other for interaction with FL11, and so
binding of octamers to other metabolic promoters will be
weaker than was shown by footprinting and in vitro tran-
scription experiments (Figures 3 and 5). In the ‘‘famine’’
mode, FL11 disassembles into dimers (Figure 4C, right)
by sensing the absence of lysine. With transcriptional
repression of fl11 relaxed (Figure 5E), 6000 FL11 dimers
will be synthesized and bind to 200 promoters (Fig-
ure 2A), thereby arresting growth.4, December 2007 ª2007 Elsevier Ltd All rights reserved 1549
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Archaeal Feast/Famine Regulation by FL11Figure 6. Structure of the FL11Octamer in Complexwith DNA
(A–F) EM images of negatively stained FL11 in complex with the fl11
promoter DNA in the presence of lysine (A–C), and those in complex
with E. coli DNA (D–F). Green circles are of diameters of 180 A˚.
(G–I) Electron spectroscopic cryoimages of nickel atoms incorporated
into the N terminus of FL11 in the same preparation used for observing
(D–F), embedded in an amorphous ice.
(J and K) Reconstructions made with four tilt series of particles of
FL11-E. coli DNA, including particles in (D–F), averaged with imposing
4 $ 2 $ 2 symmetry (J), compared with two views of four copies of the
FL11-DNA crystal complex assembled by imposing four-fold symme-
try (K). Red circles are of diameters of 92 A˚. The scale 100 A˚ is appli-
cable to (A–K).1550 Structure 15, 1542–1554, December 2007 ª2007 ElsevierThis genome-wide regulation by FL11 for the survival of
P. OT3 is comparable only to the feast/famine regulation
of E. coli by Lrp through sensing the concentration of leu-
cine (Calvo and Matthews, 1994). It is widely accepted
that the common ancestor of all organisms first differenti-
ated to archaea and eubacteria, with eukaryotes evolving
later. FFRPs are the single group of transcription factors
systematically distributed through both archaea and
eubacteria (Yokoyama et al., 2006b; Suzuki, 2003b). The
similarity between the master metabolic regulation by
archaeal FL11 and eubacterial Lrp hints at the nature of
transcription regulation carried out in the common ances-
tor of all extant organisms.
Coregulators and FFRPs
FL11 from Pyrococcus and TvFL3 from Thermoplasma in
the subdomain, Euryarchaeota, and LysM from Sulfolobus
in the other subdomain, Crenarchaeota, all interact with
lysine. It is difficult to explain why response to availability
of lysine is so important for archaea. In contrast, to our
knowledge, no eubacterial FFRP has been identified as
interacting with lysine.
For Pyrococcus, availability of glutamic acid or gluta-
mine appears to be more important than that of lysine.
It is believed that the first step of synthesizing ATP is to
degrade amino acids to a-keto acids (Figure 4D). For
this reaction, 2-oxoglutarate is needed, which can be
synthesized from glutamic acid by glutamate dehydroge-
nase (pot0376559). Glutamic acid can be synthesized
from glutamine by glutamine synthetase (pot1467407).
The same reaction can be catalyzed by asparagine
synthetase (pot0787200) while converting aspartic acid
to asparagine. So far no FFRP from P. OT3 has been
identified as interacting with asparagine or aspartic
acid, but FL4 interacts with glutamic acid, and FL9 and
DM2 interact with glutamine. FL11 weakly interacts with
glutamine (Figure 3E). It is likely that regulations by FFRPs
are organized into some hierarchies, depending on the
metabolic importance of amino acids with which they
interact.
Target DNA Sequences of FFRPs
Consensus target DNA sequences have been deduced for
various FFRPs (Table 2). In many cases, the number of
available examples is small, and so they are less reliable
than those of Lrp and FL11. Nevertheless, when residues
are the same in two FFRPs at three of the six positions
wherein FL11 contacts DNA bases (i.e., 24, 34–37, and
39; e.g., FL11 and Ss-LrpB) the target DNA sequences
are also similar (e.g., TGAAA for FL11 and TGCTA for
Ss-LrpB; Table 2). LysM, Ptr2, LrpA, and Ptr1 all have
Tyr/Phe at 24, Ser at 34, Glu at 35, and Arg at 39, and
bind the DNA TWCGA or TWCGC.
By slightly modifying the contact pattern found with the
DNA complex of FL11, and by considering partners of
bases and residues able to form chemical contacts,
such as G and Arg (listed in the article by Suzuki [1994]),
contacts possibly formed between target DNAs and
FFRPs can be predicted (Table 2): T at NA in DNAs andLtd All rights reserved
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Archaeal Feast/Famine Regulation by FL11Table 2. Target DNA Sequences of FFRPs and Residues of FFRPs at the Positions Where FL11 Interacts with DNA
Bases
Target DNAa Residue in FFRP at Position:
FFRP NA NB NC ND NE 24 34 35 36 37 39 Reference
FL11 T G Ax Ax A Leu Ala Glux Ser Thr His This work
Ss-LrpB T G Cx T A Leu Pro Ile Ser Thr Arg Peeters et al., 2004
LysM T T Cx G A Tyr Ser Glux Ala Ala Arg Suzuki, 2003a
Ptr2 T/G A Cx G A Tyr Ser Glux Ser Ser Arg Ouhammouch et al., 2003
LrpA T/G T Cx G A Phe Ser Glux Thr Ala Arg Yokoyama et al., 2005b; Suzuki, 2005
Ptr1 T A Cx G C Phe Ser Glux Gly Thr Arg Suzuki, 2003a
FL4 T/A T Gx A A Gln Thr Argx Gln Ala Ser Yokoyama et al., 2006a
LrpC T T C A A Met Ser Pro Pro Ser Thr Suzuki, 2003a
Ss-Lrp A T/A T T A Leu Ser Pro Ala Thr His Suzuki, 2005
AsnC T C A T T Tyr Ser Pro Gly Thr His Suzuki, 2003a
Lrp A G A A T Asn Ser Pro Thr Pro Leu Cui et al., 1995
PutR G C C C A Val Ser Lys Thr Pro Gln Suzuki, 2003a
MdeR T G A G A Val Thr Thr Ser Pro Trp Suzuki, 2003a
a NANBNCNDNE of NANBNCNDNEWWWNENDNCNBNA. Bases or their complementary bases in the same base pairs and residues
contacting with each other, or predicted to do so, are indicated with the same expressions (e.g., for FL11,T at NA andThr at position
37 contacting each other;G at NB and Ser at position 36; A
x at NC and ND and Glu
x at position 35; partner T bases ofA at NC, ND, NE
and Leu at position 24 and His at position 39).Ala, Thr, or Ser at 34 and 37 in many FFRPs; G at NB and
Ser/Thr at 36, and T at NB and Ala/Thr at 36; C at NC and
Glu at 35, and G at NC and Arg at 35; G at ND or G comple-
mentary to C at NC and Arg at 39, C at ND or G comple-
mentary to C at NC and Gln at 39; T complementary to A
at NC, ND, or NE and a hydrophobic residue at 24 or 39;
A complementary to T at NE and Asn at 24.
Phosphorylation of FFRPs
When proteins extracted from P. OT3 were subjected to
2D electrophoresis, several spots of FL11 with different
isoelectric point (pI) values were identified with antibodies.
Similar observations were made with proteins extracted
from another archaeon, Thermoplasma volcanium (Kawa-
shima et al., 2005). When TvFL3 was analyzed using mass
spectroscopy, three Ser and five Thr residues were iden-
tified as phosphorylated (K.T. et al., unpublished data),
all inside the DBD (marked numbers in Figure 1A, ‘‘Phos’’).
Phosphorylation of the eight residues will weaken inter-
action with DNA. Thr37, present also in FL11, and an Arg
replacing another phosphorylation site, Thr25, in FL11
contacted DNA phosphates in the crystal. Thr37 and
Ala34, replacing another phosphorylation site, Ser34,
were positioned inside the DNA-recognition loop. Since
no Thr/Ser is phosphorylated in the assembly domain,
phosphorylation will not affect interaction with a coregula-
tor, such as lysine. Rather, the effects will be, to some ex-
tent, to reverse the metabolic phases. If phosphorylation
takes place at the midgrowth phase, the FL11 octamer
will be released from the fl11 promoter, thereby activating
synthesis of FL11. If phosphorylation takes place at the
stationary phase, the FL11 dimer will be released fromStructure 15, 1542–155the metabolic promoters. Signals triggering such changes
have not been identified.
In general, positions 34–37 in the DNA-recognition loop
have a tendency to form a Ser/Thr-Pro-Ser/Thr-Pro phase
(highlighted on yellow backgrounds in Figure 1A). The tar-
get DNA sequence is differentiated by modifying this
amino acid sequence (Table 2). The phasing resembles
the Ser-Pro-X-X motif found in many eukaryotic transcrip-
tion factors and DNA-binding proteins at their phosphory-
lation sites (Suzuki, 1989a, 1989b). The origin of eukary-
otic modulations of transcription is now traced back to
archaeal FFRPs.
EXPERIMENTAL PROCEDURES
The Strain
The genomic sequence of the strain used in this study has been pub-
lished by another group as P. horikoshii OT3 (Kawarabayasi et al.,
1998). However, when the sequencing project was initiated, the strain
was referred to as P. shinkaii OT3 after the submersible Shinkai used
for isolation of the strain from the Okinawa Trough. When the sequenc-
ing project was completed, the strain, P. shinkaii OT3, was withdrawn
from JCM, and another strain, P. horikoshii OT3 (JCM9974), was
deposited, with Gonza´lez et al. (1998) identifying this new strain. In
fact, the new strain was a mixture of P. furiosus and P. abyssi, as con-
firmed later by sequencing DNA fragments (Yokoyama et al., 2005b). It
is believed that the strain kept as JCM9974 has been changed back to
P. shinkaii OT3. However, what Gonza´lez et al. (1998) identified as
P. horikoshii remains unclear. For this reason, we refer the strain we
used as Pyrococcus sp. OT3 or P. OT3.
Determination of the Number of FL11 Dimers Present
per P. OT3 Cell
After preculturing for 17 hr, cells were diluted 1000-fold into fresh
medium, originally designed for Thermococcus (Kobayashi et al.,4, December 2007 ª2007 Elsevier Ltd All rights reserved 1551
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Archaeal Feast/Famine Regulation by FL111994). After culturing for 4–34 hr, the cell number was counted with
a hemacytometer. Cells were collected by centrifugation (J2MC-HT;
Beckman), keeping the temperature at 80C, suspended in 800 ml of
8 M urea, containing 1% Triton-X and 1% NP-40, and sonicated. After
dialysis against 50 mM Tris-HCl buffer (pH 8.0) containing 100 mM
NaCl, FL11 present in 5 3 108 cells was precipitated with anti-FL11
polyclonal antibodies and nProteinA-sepharose (GE Healthcare), and
37.5% of the protein was subjected to SDS-PAGE. Using a standard
curve made with FL11 expressed in E. coli, the number of FL11 dimers
was determined.
Crystal Structure Determination
FL11 (pot0434017) was purified as has been previously described
(Koike et al., 2004). The dimer (0.58 mM) was mixed with a DNA
duplex, 50-TGTGAAAAATTTTCACT-30/50-AGTGAAAATTTTTCACA-30,
0.87 mM, in 40 mM Na-phosphate buffer (pH 8.0) containing 250 mM
NaCl and 2 mM spermidine. Crystals of 0.13 0.13 0.7 mm were ob-
tained with vapor diffusion by the sitting drop method with a reservoir
of 100 mM MES buffer (pH 6.5) containing 875 mM (NH4)2SO4, 10 mM
MgCl2, 20 mM NaCl, and 5% (v/v) glycerol. Crystals were immersed in
100 mM MES buffer (pH 6.5) containing 980 mM (NH4)2SO4, 10 mM
MgCl2, 300 mM NaCl, and 35% (v/v) glycerol for 2 d, and flash frozen.
Diffraction data, recorded at 95K with a synchrotron 1.0 A˚ X-ray source
(Photon Factory BL5A, Tsukuba), were processed with the Collabora-
tive Computational Project Number 4 package (CCP4, 1994).
The crystal system was identified as orthorhombic, with unit cell
lengths a = 68.41 A˚, b = 92.35 A˚, and c = 109.19 A˚ (Table 1). From
the two possibilities, I212121 and I222, the space group was identified
as I212121 because of the better packing observed when locating
Ser66-Leu139 of FL11 (with the AMore program, Navaza, 1994), crys-
tallized in the absence of DNA (PDB code: 1RI7). With this space
group, an FL11 monomer and a DNA strand were positioned in the
asymmetric unit. By relating two such copies by the crystallographic
symmetry, the FL11 dimer was reconstructed in complex with a DNA
duplex. In fact, the two DNA strands differed at three bases, and a su-
perficial symmetry was created by averaging two alternative orienta-
tions in the crystal with the same weight. At initial stages, two artificial
DNAs were modeled by imposing two-fold symmetry, one having two
coding strands, and the other having two noncoding strands, and
these were refined independently.
Leu5-Arg41, Ile42-Tyr65, and Lys140-Ile151 of 1RI7 were added to
Ser66-Leu139, and their relative positions were refined with the CNS
program (Bru¨nger et al., 1998). Each DNA model was constructed
stepwise by analyzing the FO-FC map with the program O (Jones
et al., 1991). The diffraction range was extended to 2.1 A˚, while water
molecules were added to densities of 2s or higher. Two Watson-Crick
DNAs of opposite orientations were modeled by cross-pairing the
strands in the artificial models, and were then refined. The final model
(PDB code: 2E1C) included two polypeptide chains, Pro4-Ile151, 266
water molecules, and, with 50% occupancies, the two DNA duplexes.
The R factor was 20.6%, with a free R factor of 23.0% (Table 1).
Hydrogen bonds were identified with the HBPLUS program (McDo-
nald and Thornton, 1994), and ion pairs by the method of Barlow and
Thornton (1983), with a criterion of 4.0 A˚.
EM 3D Reconstruction of the FL11 Octamer in Complex
with DNA
The FL11 dimer, 2.5 mM, was mixed with the fl11 promoter DNA, cov-
ering pot0434395-0434544, 0.5 mM, in 25 mM Tris-HCl buffer (pH 7.5)
containing 200 mM KCl and 5 mM lysine. The DNA was synthesized by
polymerase chain reaction (PCR; Saiki et al., 1988), and purified with
QIAquick (QIAGEN). In another preparation, FL11 in complex with
DNA, which was contaminated from E. coli cells, was precipitated
using Ni-Sepharose (GE Healthcare) from extracts of cells producing
FL11, recovered into 50 mM Na-phosphate buffer (pH 8.0) containing
300 mM NaCl and 1 M imidazole, and purified by gel filtration with
Sephacryl S-300 (GE Healthcare) equilibrated with the same buffer
containing no imidazole. This fraction yielded a single protein band1552 Structure 15, 1542–1554, December 2007 ª2007 Elsevierupon SDS gel electrophoresis, but its OD280 to OD260 ratio of 0.5
was smaller than the value of 2 for the crystallization-grade FL11.
Each type of complex was negatively stained with uranyl acetate
(pH 4.2), as described by Ishijima et al. (2004a), and electron micro-
graphs were recorded with a CCD camera (794IF; Gatan) with a magni-
fication of 158,000 or 134,000 and a defocus of 0.5–2.2 mm at 200 KeV
(Tecnai F20, FEI). Noise beyond the first minima in the contrast transfer
function was removed by low-pass filtration (Ludtke et al., 1999). Using
four tilt series of complexes with E. coli DNA, three covering ±30 with
10 separations, and the other covering ±50 with 5 separations, 3D
structures were reconstructed by the Fourier method (Klug, 1979)
and averaged with the EM3D program (Ress et al., 2004).
Electron Spectroscopic Cryoimaging
The FL11 dimer was mixed with NiSO4 in 10 mM Tris-HCl buffer (pH
8.5) containing 130 mM KCl and 8 mM nitrilotriacetic acid, yielding
concentrations of 2 mM and 10 mM, respectively. Free metals were
removed by changing the buffer four times by ultrafiltration. The pro-
tein solution on a grid was quickly frozen in liquid ethane, as described
by Ishijima et al. (2004b), into an amorphous ice state with a freezing
device (EM CPC; Leica). The grid was maintained at a liquid nitrogen
temperature with a holder (CT3500; Oxford), while the Tecnai F20 elec-
tron microscope was operated at 200 KeV. Images were obtained by
using a filter (GIF200; Gatan) selecting electrons having lost an energy
of 855–895 eV upon interaction with Ni (Ishijima et al., 2004b). The
backgrounds were defined by the ‘‘two area’’ method described by
Egerton (1986), with electrons whose energies had been reduced by
770–810 eV and 810–850 eV, respectively.
Measurements of MALS
Size-exclusion HPLC was carried out with a PROMINENCE system
(Shimadzu) by injecting 50 mg/20 ml FL11 onto Asahipak GS-520HQ
(Showa Denko), equilibrated with 50 mM Tris-HCl buffer (pH 7.0)
containing 200 mM KCl and an amino acid of a particular concentration
at 25C and a flow rate of 0.5 ml/min. The protein solution was then
directly passed into a detector (miniDAWN Tristar; Wyatt Technology),
and light scattering intensities were measured at angles of 45, 90,
and 135. The MWs of assemblies were determined by Debye plots
(Chu, 1974) with programs supplied with the detector. The protein
concentration was measured with a refractometer (Optilab DSP; Wyatt
Technology).
Footprinting Experiments
DNA fragments, covering pot0434342-0434580 of the fl11 promoter,
pot0272551-0272851 of the lysine synthesis promoter, pot0483850-
0484090 of the nad(p)h dehydrogenase promoter, and pot0065387-
0065627 of the h+-atpase promoter, were cloned by PCR into the
pUC18 plasmid at its BamHI/XbaI site. Longer DNA fragments, con-
taining these promoters inside positions 377–483 (L09136; NCBI) of
pUC18, were prepared by PCR and used for footprinting and transcrip-
tion experiments.
Footprints were generated essentially by the method described by
Yokoyama et al. (2005a) by locating the prevention of DNA cleavage
by micrococcal DNase. The promoter DNAs were labeled at the 50 ter-
mini of the noncoding strands with a fluorescent dye, carboxylfluores-
cein phosphoramidite, by PCR. Each DNA fragment (8 pmol) was
mixed with 0–1200 pmol FL11 dimer into 200 ml of 20 mM Tris-HCl
buffer (pH 8.0), containing 1.98 mg P. OT3 genomic DNA, 20 mM
KCl, 5 mM NaCl, 2.5 mM CaCl2, and 0 or 5 mM lysine, and incubated
for 30 min at 37C. After adding micrococcal DNase (RR001A;
TaKaRa), 1.56 3 103 units in 4 ml water, the solution was incubated
for 50 min at 37C. The reaction was terminated by adding 50 ml of
1.5 M sodium acetate buffer (pH 5.2), containing 20 mM EDTA and
0.1 mg/ml tRNA. Ethanol (750 ml) was added, and the DNA precipitate
was rinsed with 750 ml of 70% ethanol and dissolved into 5 ml of 50 mM
Tris-borate buffer (pH 8.3), containing 80% formamide, 1 mM EDTA,
and 8 mg/ml blue dextran. The solution (2 ml) was applied to gel elec-
trophoresis with a PRISM 377 sequencer (ABI).Ltd All rights reserved
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RNA polymerase was partially purified from P. OT3 cells by ion ex-
change chromatography, essentially as described by Hethke et al.
(1996). Cells (3 g wet weight) were suspended in buffer A (i.e.,
50 mM Tris-HCl buffer [pH 7.5]) containing 22 mM NH4Cl, 0.1 mM
EDTA, 10 mM b-mercaptoethanol, and 100 ml of 10% (w/v) glycerol,
and sonicated. The polymerase activity was precipitated by adding
Polymin-P (BASF), 4.35% (w/v) in buffer A (10 ml), followed by centri-
fugation at 16,000 rpm for 15 min. The precipitate was rinsed three
times by adding 80 ml buffer A containing no glycerol, followed by
centrifugation at 16,000 rpm for 15 min, and dissolved into 35 ml of
the same buffer, where the concentration of NH4Cl was increased to
80 mM. After centrifugation at 14,000 rpm for 10 min, the supernatant
was collected. This process was repeated two more times, and
(NH4)2SO4 was added to the combined supernatants to yield a concen-
tration of 60% (w/v). After centrifugation at 20,000 rpm for 10 min, the
precipitate was dissolved into 100 ml buffer A, dialyzed against the
same buffer, and applied to a column containing 100 ml DEAE-sephar-
ose. A linear, 50 mM–1 M gradient of KCl was used to elute the poly-
merase activity at 150 mM KCl.
The DEAE fraction was diluted by 200-fold into 5 ml water and mixed
with 0.63 pmol of a promoter DNA, 5 pmol each of TBP (pot0870645)
and TFB (pot0462838), 0–500 pmol of the FL11 dimer, and 0.156 mg of
the genomic DNA of P. OT3, in 50 ml of 40 mM HEPES buffer (pH 6.5)
containing 25 mM MgCl2, 400 mM KCl, 2 mM EDTA, 0 or 5 mM lysine,
600 mM trehalose, 500 mM betaine, 5% (w/v) PEG3400, and 40 units
of an RNase inhibitor (Promega, RNasin), and incubated at 75C for
1 hr. TBP was produced with E. coli and purified by ion exchange chro-
matography with Resource 15Q (GE Healthcare) followed by gel filtra-
tion with Superdex 75 (GE Healthcare). TFB was produced with E. coli,
and purified with Ni-NTA Agarose (QIAGEN). The template DNA was
degraded by adding DNase I (RNase free; Roche), 100 units in 50 ml,
followed by incubation at 37C for 2 hr. mRNA was detected by reverse
transcription followed by 15 cycles of PCR with a One Step RT-PCR
kit (TaKaRa) and a primer covering positions 377–395 (L09136;
NCBI) in pUC18 and another primer covering pot0434471-0434453
(fl11), pot0272769-0272791 (lysine synthesis), pot0483971-0484000
(nad(p)h dehydrogenase), or pot0065508-0065537 (h+atpase).
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